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Abstract 
This study focused on testing the efficacy of iron (Fe) electrode in an electrochemical 
treatment (electrocoagulation) of wastewater containing a mixture of organic dyes. The 
mixture consists of the following azo dyes: Acid Black 194, Acid Black 107 and Acid Yellow 
116. The present organic dyes are toxic, cause skin and eye irritation and are extremely 
dangerous to aquatic organisms. The study was conducted on a synthetic wastewater 
prepared in a laboratory electrochemical reactor. During the research, the impact of the 
current density, various concentrations of dye and supporting electrolyte, electrolysis 
duration and pulsed current regime were tracked. The results are shown through color 
removal efficiency, chemical oxygen demand (COD) removal efficiency, current efficiency, 
and specific energy consumption. At the initial concentration of dye (γ=200 mg/L) and 
concentration of supporting electrolyte (γNaCl=1 g/L) the color removal efficiency of 
80.64% was achieved for 420 seconds of treatment (ј=10 mA/cm2). At the initial 
concentration of dye (γ=50 mg/L) and γNaCl= 8 g/L, the color removal efficiency of 96.01% 
was attained for 300 seconds of treatment (ј=10 mA/cm2). 
Keywords 
organic dyes, electrochemical treatment; removal efficiency 
 
Introduction 
The textile industry is one of the world's biggest polluters according to the amount of wastewater 
where the most problems are generated by the textile dyeing process. General characteristics of 
textile dyeing wastewaters are related to, a high content of organic matter, presence of heavy 
metals and high coloration. As the annual global production of synthetic dyes exceeded 
900,000 tonnes in 2009, it is expected to be well over a million tonnes per annum at 
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present [1]. Since nearly two-thirds (60 – 70 %) of all synthetic dyes are azo dyes [2], azo 
dyes are considered as the most commonly used dyestuff in the dye industry. 
During the dyeing processes in textile industry, up-to 50% of the used dyes may not be fixed to 
their fibre substrates and hence may be washed out to form highly coloured effluent streams [3]. 
According to Yu and Wen [4], many synthetic dyes belong to xenobiotic chemicals that are 
degraded with difficulty in nature. Difficult degradation of synthetic dyes is the main reason why 
their removal from aqueous effluents from the textile industry has received a considerable 
environment research attention [4]. Due to their complex structure and synthetic origin, azo dyes 
are difficult to be decolourized, what imposed an obligation for their removal from industrial 
effluents before being disposed into enviroment. Many studies have shown that azo dyes contribute 
to mutagenic activity of ground and surface waters polluted by textile effluents [5,6]. Also, discharge 
of azo dyes into surface water leads to aesthetic problems and obstructs light penetration and 
oxygen transfer into water bodies, affecting thus the aquatic life. Thus, the removal of color from 
textile effluents has grown as a topic of major concern [7]. 
In this paper we used a mixture that is used for dyeing polyamide fibers. The mixture contained 
synthetic dyes that belong to azo dyes and heavy metals cobalt and chromium (Co and Cr III-
complex). An extensive literature, reporting the characteristics and applications of most important 
conventional technologies developed for this purpose, including physico-chemical and chemical 
methods, advanced oxidation processes (AOPs), adsorption, microbiological treatments, enzymatic 
decomposition and electrochemical technologies, has already been published [8-13]. Here, an 
increasingly present electrocoagulation (EC) treatment for removing color from wastewater is 
described. EC treatment implies formation of coagulants in situ by electrolytic dissolution of the 
anode made from either aluminum or iron. During the EC process, the anode leads to the formation 
of metal ions, while evolution of hydrogen gas at the cathode carries the flocculated particles to the 
surface of the water. The chemical reactions taking place at the anode are given as follows [14]: 
 
For iron anode: 
Fe − 2e- → Fe2+ (4) 
at alkaline conditions: 
Fe2+ + 2OH− → Fe(OH)2 (5) 
at acidic conditions: 
4Fe2+ + O2 + 2H2O → 4Fe3+ + 4OH− (6) 
In addition, there is oxygen evolution reaction: 
2H2O − 4e- → O2 + 4H+ (7) 
The reaction at the cathode is: 
2H2O + 2e- → H2 + 2OH− (8) 
The EC treatment has received great attention in recent years due to its unique features, such as 
versatility, energy efficiency, automation and cost effectiveness [12,15]. Alaton et al. [16] have 
proven the effectiveness of using EC as a method of removing color from wastewater of textile 
industry. According to their study, EC proved to be a very promising alternative treatment which is 
increasingly used in wastewater treatment. Simulated wastewater polluted by acidic dyes has 
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already been treated by EC using aluminum and steel electrodes. The results showed that the COD 
removal efficiency, color removal efficiency and the production of sludge were affected by the 
current intensity, concentration of supporting electrolyte and the initial pH-value. EC with aluminum 
electrodes is found able to remove almost 90 % of color and reduce COD-value to 40 %, while with 
steel electrodes, COD value was reduced to about 50 % [16]. 
The phenomenon of electrode passivation has limited further application of EC treatment. 
Application of pulsed current regime, also known as pulsed electrocoagulation - PE (it uses the 
interactions of electrochemical technology and polarity reversal in an electrical field), brought a 
significant impact on the electrochemical processes though higher activity and efficiency during the 
process [17-20]. Hence, the development of PE was explored in recent years [20]. 
Experimental  
Electrochemical batch reactor (Fig. 1) of capacity 500 cm3 is made of polypropylene and has a 
possibility of constant mixing (500 rpm/min). The reactor contains two electrodes of the same 
dimensions (area), P=32.8 cm2, put at a distance, d=30 mm. Electrodes were connected to a digital 
power source (Atten, APS3005SI; 30V, 5A). Pulsed current regime is provided by a generator of 
variable periodic current (Selekt-automatika, Serbia).  
 
Figure 1. Schematic view of electrochemical reactor: 1 – source of electric power; 2 – anode; 3 – cathode; 4 
– magnetic stir bar; 5 – electrochemical cell; 6 – magnetic stirrer 
Electrode materials were metals of known compositions: iron (EN10130-91; max. 0,08 % C, max. 
0.12 % Cr, max. 0.45 % Mn, max. 0.60 % Si) and stainless steel (EN 1.4301/AISI 304; max. 0.07 % C, 
18.1 % Cr, 8.2 % Ni). Attention was put to the appropriate relations between electrode surface area 
(As) and volume (V) of the reactor. For used electrochemical reactor that relation, (As/V) / (m2/m3), 
is 16.4 m2/m3, which is in compliance with recommendations given by Mameri et al. [21] for current 
density values of 10 to 200 A/cm2. All experiments were performed at an initial temperature of 
sample t=20°C. Before each treatment, current density was set at the desirable value and electrodes 
were mechanically cleaned and washed with detergent and acetone in order to remove surface 
grease. Electrode surfaces were additionally cleaned by emerging (5 min) in diluted (1:2) solution of 
HCl before each treatment. 
In present experiments, commercially available 99.5 % sodium chloride, NaCl, 35 % hydrochloric 
acid, HCl, acetone, (CH3)2CO (Lachner, Czech) and “Ostalan Black SR” dye (Synthesia a.s., Czech) 
were used. “Ostalan Black SR” is a mixture of synthetic dyes that belong to the group of azo dyes. 
According to Safety Data Sheet (SDS) [22], “Ostalan Black SR” consists of the following azo dyes: Acid 
Black 194 (the mixture containing 40-50 %), Acid Black 107 (mixture contains 40-50 %) and Acid 
Yellow 116 (mixture contains >1 %). All mentioned dyes are potentially harmful to humans and the 
environment and labeled as very toxic to living organisms and harmful to aquatic organisms [22]. 
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COD was measured by the closed spectrophotometric method on COD Reactor (Hach, USA), 
colorimeter (COD CheckItDirect, Lovibond, Germany) by standard cuvette (Test Tube MR, Lovibond, 
Germany), and the dye concentration was determined spectrophotometrically (max = 573nm) on 
UV-VIS spectrophotometer (Perkin Elmer, Lambda 25) according to standard methods [23]. 
Measurement in the pulsed current regime is defined by the cathode current density (jk), time 
cathode deposition (tk), anodic current density (ja), and time of anodic dissolution (ta). The period of 
pulsed current waves, (T), is the sum of the time of cathode deposition (tk) and time of anodic 
dissolution (ta) [24]. 
 
Figure 2. Schematic view of PE [24] 
Results and discussion 
Results of the electrochemical color removal are showed through decrease of mass 
concentration, 𝛾/ (mg/L), and color removal efficiency, Eu /% defined as  
𝐸U /  % =
𝛾𝑖−𝛾f
𝛾i
 100  (9) 
where 𝛾i and 𝛾f are initial and final dye concentrations, mg/L.    
Current efficiency, I, has been calculated according to the following equation (10): 

I
 / % =
(COD𝑖−CODf)𝐹𝑉
8𝐼𝑡
 100  (10) 
In Eq. (10), CODi  and CODf  are initial and final chemical oxygen demand (COD) values, F is the 
Faraday constant, V is the volume of solution (wastewater), 8 is constant, I is the current intensity 
and t is electrolysis duration. 
Selection of electrodes (soluble or insoluble anode) depends primarily on the mechanism of 
electrolytic reaction and according to the literature data and previous research it plays the most 
important role [25]. In the case of EC, selection of electrode material is narrowed to the iron and 
aluminum electrodes, respectively.  
Figure 3 shows the color removal efficiency at different current densities (1; 2.5; 5; 10 mA/cm2) 
for the initial dye concentration, γ0 = 200 mg/L, supporting electrolyte concentration, γNaCl = 1 g/L, 
and electrolysis duration, t = 5 min. At the current density of j = 10 mA/cm2, Eu = 67.75 %.  
Change of current density to efficiency of color removal could be presented by the following 
equation. 
Eu = 18.832 ln j + 25.085 (11) 
During the study, NaCl has been used as the supporting electrolyte. Figure 4 shows the effect of 
NaCl concentration on color removal efficiency (γ0 = 200 mg/L). Duration of electrolysis for all 
concentrations of the supporting electrolyte was t = 5 min at j =1 0 mA/cm2. Figure 4 shows that 
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removal efficiency is the highest at γNaCl = 8 g/L (Eu = 96.01 %), and the lowest at γNaCl=1 g/L 
(Eu = 85.3 %). Change of the supporting electrolyte concentration to efficiency of color removal 
could be presented by the equation (12).  
 
   
Figure 3. Effect of current density on 
color removal efficiency  
Figure 4. Effect of NaCl 
concentration on color removal 
efficiency  
Eu = 1.5164 γNaCl + 83.931 (12) 
Since there is a little difference in Eu between γNaCl = 1 g/L and γNaCl = 8 g/L observed, γNaCL= 1 g/L 
will be used in the further part of research.  
At the current density, j = 1  mA/cm2, electrolysis time duration, t = 5 min, and the concentration 
of supporting electrolyte γNaCl = 1 g/L, the removal efficiency is increased by reducing the initial 
concentration of dye, which is shown in Figure 5. Removal efficiency is the highest at dye 
concentration, γ = 50 mg/L (Eu = 85.3 %) and the lowest at γ = 400 mg/L (Eu = 45.81 %.). Effect of the 
initial concentration of dye to the removal efficiency could be presented by the equation (13). 
 
   
Figure 5. Efficiency of color removal for different 
initial concentrations of dye 
Figure 6. Effect of electrolysis duration on 
concentration decrease for different initial dye 
concentrations.   
Eu = -0.1143 γdye + 91.323 (13) 
Figure 6 shows the effect of electrolysis time on decrease of dye concentration for different initial 
dye concentrations (j = 10 mA/cm2, γNaCl = 1 g/L). In Figure 7, these results measured using the 
iron : iron (Fe : Fe) electrode pair are compared with the results obtained at same conditions 
(γ0 = 400 mg/L, j = 10 mA/cm2, γNaCl = 1 g/L) using the stainless steel (SS) as the cathode material. 
Data in Figure 7 suggest that only slightly lower efficiency is achieved for the Fe : SS vs. Fe : Fe 
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electrode pair. It seems, however, that the whole process is easier to maintain using the SS cathode, 
what can be explained by much better anti-corrosion properties of SS than Fe.  
 
  
Figure 7. Effect of application 
different electrode pairs 
Figure 8. Color removal efficiency 
with and without application of PE 
In the pulsed current regime (PE) the polarity of electrodes is reversed at a given time during the 
electrolysis (Fig. 2). Figure 8 shows differences between the efficiencies of color removal obtained 
by application PE and without PE in the same conditions (j = 5 mA/cm2, γNaCl = 1 g/L, γ0 = 400 mg/L, 
tk = 42 s, ta = 42 s). It is evident in Figure 8, that for longer treatment period, the removal efficiency 
is higher without applying PE. Contrary to already given predictions [23], such behavior could be a 
sign of no significant passivation and "dirtying" of the electrodes.  
Effect of electrolysis duration (85, 150 and 300 s) at a current density j = 5 mA/cm2 (γ0 = 400 mg/L, 
γNaCl = 1 g/L) and j = 10 mA/cm2 (γ0 = 200 mg/L, γNaCl = 1 g/L) on COD values is shown in Figure 9. It is 
shown in Figure 9 that in both cases COD-values are linearly depended on time. For t = 300 s, 
COD-value is reduced from the initial 385 mgO2/L to 224 mgO2/L (γ0 = 400 mg/L), and from the initial 
125 mgO2/L to 56 mgO2/L (γ0 = 200 mg/L), what is in full agreement with the study Alaton et al. [16].  
 
   
Figure 9. Effect of electrolysis 
duration on COD value 
Figure 10. Removal efficiency vs. 
current efficiency  
Changes of current efficiency on the color removal efficiency for different initial dye 
concentrations (100 and 200 mg /L) are shown in Figure 10. Measurements were made at the 
current density of j = 10 mA/cm2 and the concentration of supporting electrolyte γNaCl = 1 g/L. It is 
obvious in Figure 10 that current efficiency exceeds 100 % (119-389 %), which means that in 
addition to electrochemical reactions some chemical reactions may take place. As expected from 
previous researches [20,26], for higher color removal efficiency from wastewater, the current 
efficiency decreases.  
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Figure 11. Energy consumption as a function of color removal efficiency 
Dependence of energy consumption on the color removal efficiency at different initial 
concentrations is shown in Figure 11.  At initial concentration, γ0=400 mg/L, energy consumption 
(per kilogram of dye removed from the waste water) at removal efficiency, Eu = 54.76 %, is 
Wsp=3.8021 kWh/kg dye (j = 10 mA/cm2, t = 600 s, γNaCl = 1 g/L). 
Conclusions 
This study shows that EC with Fe anode is the efficient process for removing the mixture of azo 
dyes from waste water. The process is influenced mostly by concentration of supporting electrolyte 
(NaCl), dye concentration, current density and reaction time. For 80.64 % color removal efficiency 
at initial dye concentration of solution γ0 = 200 mg/L (j = 10 mA/cm2, γNaCl = 1 g/L), up to 
3.64 kWh/kg dye of energy has been consumed.   
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